Fluxes of energetic protons in the range from 30 keV up to several MeV measured at the Voyager 1/2 spacecraft downstream of the heliospheric termination shock can be explained by shock-drift acceleration theory, which includes variations of the magnetic field direction in a vicinity of the shock. The variations can be connected with the sector structure of the interplanetary magnetic field near the solar equatorial plane. Theoretical fluxes of accelerated protons are calculated numerically in the framework of a 3D kinetic-magnetohydrodynamic model of the interaction of the solar wind and local interstellar medium.
I N T RO D U C T I O N
In 2004 December and 2007 August, the Voyager 1 and Voyager 2 spacecraft crossed the termination shock (TS) in the solar wind (SW) flow at 94 and 84 au, respectively, and entered the inner heliosheath (Burlaga et al. 2005 (Burlaga et al. , 2008 Decker et al. 2005; Stone et al. 2005; Richardson et al. 2008 ). According to the measurements, in those places where the spacecraft crossed the TS, it was nearly perpendicular.
Measurements of the energetic charged particle fluxes downstream of the TS (so-called termination shock particles or TSPs) showed that their energy distributions in the energy range from 30 keV per nucleon to several MeV per nucleon are power law (Decker et al. 2005; Stone et al. 2008) . The spectral indices of the fluxes of the TSPs measured at Voyager 1/2 are different, but they are close to E −1.5 . Differential fluxes of charged particles with such spectral index are often measured in the inner parts of the heliosphere (Gloeckler 2003) .
Theoretical models of acceleration of charged particles at the TS have been developed already in the tens of years, much earlier than the Voyagers reached the TS vicinities. The models tried to explain the origin of anomalous cosmic rays and, as a rule, they 'started' with 1 MeV -with so-called injection energy for diffusive shock acceleration.
More recent models, which appeared after the TS crossing, consider alternative acceleration mechanisms. Florinski, Decker & le Roux (2008) and le Roux & Webb (2009) studied acceleration of interstellar pickup ions (PUIs) at the TS using a focused transport equation, which includes pitch-angle scattering of the particles. The model by le Roux & Webb (2009) takes into account variations of E-mail: chalov@ipmnet.ru (SVC); alexash@ipmnet.ru (DBA); izmod@ ipmnet.ru (VVI) the magnetic field direction near the TS. Shock-drift acceleration of PUIs at the TS with variations of the magnetic field direction was studied also by Chalov (2012) . Giacalone & Decker (2010) studied shock-drift acceleration of ions at the TS in the framework of two-dimensional hybrid simulations (kinetic protons, fluid electron). Burrows et al. (2010) and Zank et al. (2010) considered PUI dynamics at a perpendicular model of the TS taking into account reflection from the cross-shock potential ('shock-surfing' mechanism). In relation to the process of PUI acceleration at the TS, this mechanism was first considered by Lee, Shapiro & Sagdeev (1996) and Zank et al. (1996) . Burrows et al. (2010) and Zank et al. (2010) made an attempt to model the Voyager 2 plasma observations of the proton distribution function downstream of the TS. According to the observations upstream thermal SW protons played little role in the dissipation mechanism at the TS, while the PUI component is most likely responsible for the dissipation.
In all mentioned models, the TS is considered as a onedimensional surface. In the paper by Chalov et al. (2013) , preliminary results of shock-drift acceleration of PUIs at the TS in the framework of a 3D kinetic-magnetohydrodynamical (MHD) model of the interaction between the SW and local interstellar medium (LISM) were presented.
In the present paper, we give more detailed description of our 3D model and show that shock-drift acceleration of pickup protons at TS with complex geometry can explain the TSP fluxes measured at the Voyager 1/2 spacecraft after the TS shock crossings.
D E S C R I P T I O N O F T H E M O D E L

3D kinetic-MHD model of the SW-LISM interaction
As the basis for investigation of acceleration of protons at the TS, we use our new 3D kinetic-MHD model of the SW interaction with a two-component LISM consisting of plasma component and interstellar hydrogen (H) atoms. The SW and LISM plasma components consist of electrons, thermal and pickup protons. Both kind of protons and H atoms interact through the charge exchange process. In addition, atoms experience photoionization and ionization by electron impact. Since the mean free path of H atoms is comparable with the characteristic size of the heliosphere, their dynamics is governed by the kinetic equation for the velocity distribution function f H (t, r, v H ):
where f p t, r, v p and f PUI (t, r, v PUI ) are the local distribution functions of thermal and pickup protons; v H , v p and v PUI are the individual H atom, proton and pickup proton velocities in the heliocentric rest frame, respectively; m H is the atomic mass; F is the sum of the solar gravitational and radiation pressure forces. The source term Q H describes production and loss of H atoms due to charge exchange, photoionization and electron impact ionization processes. This term is an integral function of f H (t, r, v H ), f p t, r, v p and f PUI (t, r, v PUI ). The influence of the H atoms on the plasma flow is taken into account on the right-hand sides of MHD equations describing the SW and LISM plasma flow. Although only stationary solutions will be sought in the paper, we prefer to keep terms with time derivatives in all equations to show their general mathematical structure.
We consider all charged particles (electrons, thermal and pickup protons) as media comoving with bulk velocity U. The system of MHD equations for the sum of all charged components can be written as ∂ρ ∂t
Here ρ and p are the total density and pressure of the charged components (electrons, thermal and pickup protons), B is the magnetic field strength, E = ρ(U 2 /2 + ε) + B 2 /8π is the total energy density and ε = p/(γ − 1)ρ is the specific internal energy. The density source term, Q d , arises due to the photoionization and electron impact ionization of H atoms. The momentum and energy sources, Q m and Q e , are determined mainly by the charge exchange process but photoionization and electron impact ionization effects of H atoms are also included. In order not to overcharge the paper with cumbersome expressions for the source terms, we refer to Malama, Izmodenov & Chalov (2006) where these expressions are given in detail.
To obtain a system of multi-fluid equations for a plasma comprised of thermal protons and electrons, and suprathermal PUIs, a phenomenological approach is generally used. In the paper by Zank et al. (2014) , a closed system of the equations was derived on the basis of a collisionless form of Chapman-Enskog expansion. They show that the PUIs contribute an isotropic scalar pressure to leading order of the expansion. At the next order, the equations contain a collisionless heat flux, while a collisionless stress tensor appears at the second order of the expansion. Thus, the heat conduction and viscosity in the multi-fluid description result, as one can expect, from anisotropy of the PUI distribution. In equations (2)-(5), the PUI pressure is assumed to be isotropic.
We assume that thermal protons and electrons have Maxwellian velocity distributions with the same temperatures. The system of the equations for the velocity distribution of H atoms and for mass, momentum and energy conservation for the total charged component is not self-consistent, since it includes the velocity distribution function of pickup protons.
There are many pieces of observational evidence (e.g. Gloeckler et al. 1993; Gloeckler 1996; Gloeckler & Geiss 1998) , which show that PUIs constitute a separate and very hot population in the SW with essentially not Maxwellian velocity distribution. Therefore, a kinetic approach should be used for this component. We assume here that the velocity distribution of pickup protons in the SW rest frame is isotropic throughout the heliosphere with the exception of a narrow region near the TS, where a strong anisotropy can arise owing to reflections of particles from the jump in magnetic field strength across the shock front. The size of this region will be defined later, when we consider motion of PUIs in the vicinity of the TS.
In the following, we will assume that the superscript ' * ' indicates a coordinate system comoving with the SW and capital letters denote isotropic functions in this system. Then in the isotropic case, the thermal pressure of PUIs is given by
Here F * PUI is the velocity distribution function of PUIs and w is their thermal speed. The functions F * PUI and f PUI are connected by the following relation:
Here v PUI = U + w and (w, θ, φ) are coordinates of w in the spherical coordinate system. The equation for F * PUI (r, w) can be written in the following general form taking into account velocity diffusion but ignoring spatial diffusion, which is unimportant at energies under consideration:
where D ww (r, w) is the velocity diffusion coefficient and Q F (r, w) is the source term. The source term describes both the origin and disappearance of PUIs due to charge exchange processes between protons (thermal and energetic) and hydrogen atoms. The H atoms can be of primary interstellar origin or can belong to different types of atoms, which are formed in the heliosphere by charge exchange. It is clear that distinction between thermal and pickup protons in the outer heliosheath in the SW frame is rather conventional, and, therefore, we have to impose an energetic boundary between these two populations of protons (e.g. Chalov & Fahr 2011) . Velocity (energy) diffusion, which leads to stochastic acceleration of PUIs, is ignored in this study. We ignore this process in order to show that shock-drift acceleration at the TS can explain the measured fluxes of the TSPs without any pre-acceleration in the SW. The results presented in Chalov (2012) are essentially based on the assumption that pickup protons experience stochastic acceleration in the supersonic SW. This is needed for the pickup protons to be able to enter the regime of drift acceleration at the TS. However, high-energy tails in the energy distribution of pickup protons in the supersonic SW can form without the stochastic preacceleration through ionization of energetic neutral atoms (ENAs) from the heliospheric interface (Chalov & Fahr 2003) . This process is cyclic. On the one hand, energetic atoms are produced in the post-shock region by charge exchange between protons, accelerated at the TS, and interstellar atoms. On the other hand, the energetic atoms penetrating into the supersonic SW turn into energetic protons through ionization including charge exchange as the main ionization mechanism. This very important process is included in our model self-consistently. We take into account all sorts of H atoms, which can lead to the formation of energetic protons in the supersonic SW and in the whole SW-LISM interaction region.
In our model, both heliospheric and interstellar magnetic fields are taken into account. Also heliolatitudinal variations of the SW parameters are included. The assumed latitudinal dependence is characteristic of solar minimum conditions, with high-speed streams emanating from the solar poles and a slow-speed wind from the lower latitudes. The heliolatitudinal variations of the SW parameters are taken from the analysis of the SOHO/SWAN data (Lallement et al. 2010; Katushkina et al. 2013) .
In the present calculations, the boundary conditions in the LISM are the following: the number density of protons is n p,LISM = 0.04 cm −3 , the number density of H atoms is n H,LISM = 0.14 cm −3 , the velocity of the interstellar wind is V LISM = 26.4 km s −1 and its direction is taken from Ulysses data reported by Witte (2004) , the LISM temperature is T LISM = 6530 K, the magnitude of the LISM magnetic field is B LISM = 4.4 μG, the angle between B LISM and V LISM is 20
• , and the (B, V ) LISM -plane coincides with the hydrogen deflection plane (Lallement et al. 2010 ). This plane is constructed by two vectors: the vector of the interstellar helium flow, obtained from the Ulysses data by Witte (2004) , and the vector of the average hydrogen flow in the heliosphere obtained from SOHO/SWAN data (Lallement et al. 2010 ).
In conclusion of this section, we emphasize that the shape of the TS is very complex due to heliolatitudinal dependence of the SW speed and number density, effects of the ram pressure of the LISM plasma component and the interstellar magnetic field pressure. As a result, the acceleration efficiency of PUIs will be different at the nose part of the TS and at its flunks (see, e.g., Chalov 1993).
Dynamics of pickup protons near the TS
Pickup protons are formed in the heliosphere owing to ionization of H atoms by charge exchange, photoionization and electron impact ionization processes. This can be different sorts of protons, which are born from primary interstellar atoms, or, say, from ENAs originating in the inner heliosheath. On arrival at the TS, some portion of pickup protons can experience multiple reflections at the shock front due to abrupt change of the magnetic field and gain energy from their drift motion along the shock front in the direction of the induced electric field. To describe the interaction of a particle with the shock front, we use the adiabatic theory ignoring scattering of the particle during its encounter with the front, which is considered as a discontinuity. This assumption is a fairly good approximation for quasi-perpendicular shocks in the case when r g / 1 (weak scattering). Here r g is the gyroradius and is the parallel mean free path. The theory is based on conservation of magnetic moment of particles during their interaction with the shock [see details in Decker (1988) ]. However, upstream and downstream of the shock wave pickup protons can experience pitch-angle scattering, which provides a way for reflected and transmitted particles to return to the shock. The reflection conditions for shock discontinuity depend on the value of the speed of a particle relative to the shock and on the value of its pitch angle. In our calculations, we use the exact conditions, but for illustration, we present here a typical quality condition for reflection (Decker 1988) :
where w is the proton speed in the upstream plasma frame (thermal speed), U sh is the upstream plasma speed relative to the shock, s m is the jump in magnetic field strength across the shock and is the upstream shock-normal angle (angle between the magnetic field direction and normal to the shock front). Thus, the reflection process operates for high-speed particles different from a simple reflection by the electric cross-shock potential.
One can see from relation (9) that the reflection conditions depend essentially on geometry of the magnetic field near the TS. If the TS had a spherically symmetric shape and the centre of the sphere was at the Sun position, then the interplanetary magnetic field (IMF) would be nearly perpendicular to the shock normal for the largest part of the shock surface as is usually assumed in the literature. However, the real TS has an upwind-downwind asymmetry due to the interaction of the SW with the moving LISM. Thus, the value of the shock-normal angle varies significantly along the TS front. At the nose and tail parts of the TS, it is almost perpendicular, but the shock-normal angle can be as small as 70
• at the flanks of the shock. For the first time, this important effect was studied in Chalov (1993) .
The process of reflection leads to anisotropy (in the SW rest frame) of the velocity distribution of PUIs in some vicinity of the TS. Thus, in this vicinity (upstream and downstream the TS), we introduce the anisotropic velocity distribution function f * PUI (r, w, μ) instead of the isotropic function F * PUI (r, w). Here μ is the cosine of the particle pitch angle in the SW rest frame. Dependence of f * PUI on the two velocity components only means that we consider gyrotropic approximation.
Multiple reflections occur if a reflected particle returns to the shock front. It is possible only when this particle experience pitchangle scattering in the upstream flow. We take into account scattering both in the upstream and downstream regions in the vicinity of the TS. Pitch-angle scattering in the downstream region allows a particle to return back into the upstream flow to undergo a successive reflection. The transport equation for the velocity distribution function f * PUI of pickup protons in the SW plasma moving with the velocity U can be written in the Cartesian coordinate system as
Here b is the unit vector of the magnetic field, D μμ is the pitch-angle diffusion coefficient and Q f is the source (sink) of PUIs. Thus, in the upstream and downstream parts of the flow near the TS, particles move in accordance with equation (10), while the scattering is ignored at short time intervals during which the cyclotron orbits of the particles cross the TS. For the first time, equation (10) was proposed by Skilling (1975) and later, in the general form, by Isenberg (1997) . The detailed derivation of this equation can be found in Chalov (2006) . In the general case, the diffusion coefficient D μμ depends on the mean free path of PUIs along magnetic field lines . The expression for this coefficient we got from McComas, Elliott & Schwadron (2010):
This expression is rather simplified but, nevertheless, it gives correct formula for the value of the spatial diffusion coefficient along the magnetic field direction:
Large-scale variations of the magnetic field direction in the heliosphere
According to the Parker model, the IMF vector at large heliocentric distances is almost perpendicular to the radial direction, except the polar regions. The IMF is known to have a sector structure (Wilcox & Ness 1965) . When this structure passes through a spacecraft or a shock wave, the magnetic field polarity changes approximately during one day. In other words, in a relatively short time interval, the magnetic field vector turns through 180
• and, consequently, the magnetic field becomes radial at sometimes even at large distances from the Sun.
In this paper, we take into account the large-scale variations in the shock-normal angle near the TS. Both the Voyager 1 and Voyager 2 spacecraft measured all components of the magnetic field upstream and downstream the TS (Burlaga et al. 2005 (Burlaga et al. , 2008 . We define orientation of the magnetic field vector by two angles: (1) angle between B and the radial direction (this angle varies in the range from 0
• to 180 • ), and (2) the rotation angle lying in a plane perpendicular to the radial direction (it varies from 0
• to 360
• ). Figs 1 and 2 show the probability distributions for angle in front of and behind the TS, respectively. The distributions were plotted using Voyager magnetometer data (PI -L. Burlaga) from the Voyager website ftp://spdf.gsfc.nasa.gov/pub/data/voyager. In our calculations, we take into account two angles, which define the magnetic field vector orientation, but is more important and informative since it is close to the angle between B and the shock normal. To obtain reasonable statistic, we collected data during two years of the spacecraft motion both upstream and downstream the TS.
Figs 1 and 2 show that although the average field direction (in terms of ) is close to 90
• as predicted by the Parker model, a significant fraction of angles deviates from this value. Such kind of distributions was observed by Ulysses, when it moved from 1.7 to 5.1 au in 1991, and by Pioneer 11 at 32-35 au (Smith 1993) . It follows from the figures that even normal unaccelerated PUIs approaching the TS can satisfy condition (9). Below we demonstrate that the variations of the magnetic field direction influence the shock-drift acceleration at the TS dramatically. 
Brief description of the numerical methods
In order to solve the 3D MHD equations (2)-(5) describing the SW-LISM interaction, we apply an analogue of high-order Godunov method using discontinuity-fitting technique. The non-linear HLLD (Harten-Lax-van Leer discontinuity) scheme (Miyoshi & Kusano 2005 ) was used as an approximate solution of the Riemann problem on the discontinuity breakdown. This scheme allows us to fit strong discontinuity at a high quality level. To solve the Boltzmann equation (1) for the velocity distribution of H atoms, we use Monte Carlo method with trajectory splitting (Malama 1991) .
With regard to equations (8) and (10), we transform them into equivalent systems of stochastic differential equations (SDEs). The systems of SDEs describe the particle trajectories in the coordinate and velocity spaces (see, e.g., Chalov & Fahr 1999) .
To be more precise, these systems describe the coordinates of the guiding centre of a charge particle and two velocities: parallel and perpendicular to the magnetic field. We use the system, equivalent to equation (10), to calculate the differential energetic proton fluxes in the pre-shock and post-shock regions.
The procedure of our calculations is the following. At first, on the basis of the 3D kinetic-MHD model, we calculate the shape and position of the TS and HP (the boundary, dividing SW and LISM plasmas), SW velocity field and the magnetic field distribution in the whole heliosphere. This means that we know the time-independent value of the shock-normal angle at any point at the TS. When a pickup proton, which was born in the SW from a primary LISM atom or from an energetic atom, reaches the TS, we assume that the magnetic field angle is a random variable with a distribution corresponding to one of the probability distributions presented in Fig. 1 or 2 (if the proton reaches the TS from the downstream side). In addition, according to the Voyager 1/2 measurements of the probability distributions, we calculate the rotation angle. Then we can calculate the shock-normal angle, which now is a random value. If it is the first approach of a pickup proton to the TS, we assume that the pitch angle of the particle has equiprobability distribution. In the case of repeated approaches, all parameters of protons are obtained as solutions of equation (10). Then from the conditions, presented in Decker (1988) , we determine whether a pickup proton passes through the TS or reflected from the front. In all cases, for any proton we know the value of its speed (in the SW rest frame) and the value of its pitch angle after the interaction with the TS. These values are used as initial conditions for equation (10) in the upstream or downstream regions of the TS.
In the calculations, we use two limiting cases for the magnetic field direction just after the moment, when a proton is reflected from the front or passes through it and begins to move in the upstream or downstream parts of the SW flow. In one case, we assume that the magnetic field direction is the same as it was calculated according to the probability distributions presented in Fig. 1 or 2 (disturbed magnetic field) until the proton reaches the inner or outer boundaries of the region, where the velocity distribution is anisotropic. In other case, a proton just after interaction with the shock front moves in the mean stationary magnetic field. The results are the same within statistical errors. This means that the decisive factor influencing the process of acceleration is the value of the shock-normal angle. The direction of the magnetic field outside of a small vicinity of the shock front is not so important.
After calculating a statistically reasonable number of trajectories, we obtain upstream and downstream fluxes of accelerated PUIs. Then we solve equation (1) again, but now the distribution f H includes the accelerated particles. The procedure is repeated until the results in successive iterations become close. Thus, protons, accelerated at the TS, lead to the formation of high-energy hydrogen atoms.
N U M E R I C A L R E S U LT S
In our calculations, we assume that near the TS = 1 au. We also carried out calculations with = 3 au, but the results were the same within statistical errors. As we already mentioned, in a vicinity of the TS we introduce a region where the velocity distribution function of PUIs is anisotropic and described by equation (10). We adopt here that upstream and downstream boundaries of this region are located at 4 au from the TS. This is a very reasonable distance if we take into account that = 1-3 au and the magnetic field direction is close to longitudinal at the TS position.
The observed sector structure of the solar magnetic field is the result of crossing the heliospheric current sheet, which separates fields with different polarities. The sector pattern is connected with a tilt of a nearly planar current sheet near the Sun relative to the solar equatorial plane (Schulz 1973) . The latitudinal extent of the current sheet depends on the solar activity with the maximum at the solar maximum activity. Thus, the Voyager 1 (Voyager 2) spacecraft during their movement in space from the Earth to the TS and further are located above (below) the current sheet or inside this magnetic field structure depending on the conditions on the Sun and, of course, on their heliolatitudes. The spatial orientation of Voyager 1/2 relative the heliospheric current sheet between 57 and 83 au is well illustrated in the work of Burlaga, Ness & Ricardson (2003) .
We calculated differential fluxes of accelerated pickup protons up to several MeV for different values of latitudinal extent of the heliospheric current sheet both for the Voyager 1 and Voyager 2 spacecraft. We should emphasize, however, that generally speaking we do not need the concept of the sector structure of the current sheet for explanation of Voyager 1/2 data. We only need the measurements of variations of the magnetic field direction (Figs 1  and 2 ). However, this concept is very visual and physically justified, and we will use it further. Figs 3 and 4 show the downstream fluxes of accelerated pickup protons at the regions where Voyager 1/2 crossed the TS. The calculations were carried out for different values of the latitudinal opening angle of the model current sheet: 20
• , 30
• and 40
• . In the areas occupied by the current sheet, we set variations of the magnetic field direction in accordance with the Voyager 1/2 data (Figs 1 and 2) , while outside these areas any fluctuations are absent.
At the moment of the TS crossing, Voyager 1 was in the Northern hemisphere at heliographic latitude 34
• (Decker et al. 2005) , while Voyager 2 was in the Southern hemisphere at heliolatitude 27.
• 5 (Stone et al. 2008) . It is important for us that Voyager 1 was farther from the solar equatorial plane in the latitudinal direction than Voyager 2. The numerical results presented in the figures clearly demonstrate the dependence of the intensity of shock-drift acceleration at the TS on variations of the magnetic field direction near the shock. When angular opening of the model current sheet is equal to 20
• , both spacecraft are out of the region occupied by the current sheet and acceleration is almost absent. If this angle is equal to 30
• , Voyager 2 is inside this region, while Voyager 1 is above it. The difference in the fluxes at high energies is obvious. When angular opening of the current sheet is equal to 40
• , both spacecraft are in the region occupied by the current sheet, and, as one can see in Figs 3 and 4, the theoretical fluxes of accelerated protons are close to the measured fluxes.
Obviously, the numerical results do not fully coincide with the measurements. For example, theoretical fluxes in Fig. 4 are below experimental ones at high energies. But this is not surprising, since our model does not take into account, for example, spatial diffusion perpendicular to the magnetic field or non-stationarity of the TS. On the other hand, an important advantage of our model is the absence of free parameters, which can influence the efficiency of acceleration. Variation of near the TS in the range 1-3 au did not show any noticeable effect on the results.
C O N C L U S I O N S
Shock-drift acceleration of interstellar pickup protons at the heliospheric TS is studied in the framework of the 3D kinetic-MHD model of the SW-LISM interaction. The kinetic equation for the interstellar H atom component was solved self-consistently together with the ideal MHD equations for the plasma component. The plasma component consists of thermal plasma and interstellar pickup protons which are described kinetically. Thermal and pickup protons interact with H atoms by charge exchange. Ionization of energetic atoms from the heliospheric interface results in the formation of high-energy tails in the energy distribution of pickup protons in the supersonic SW. Protons from these tails can enter the regime of drift acceleration at the TS without any pre-acceleration. This process is cyclic. On the one hand, energetic atoms are produced in the post-shock region by charge exchange between protons, accelerated at the TS, and interstellar atoms. On the other hand, the energetic atoms penetrating into the supersonic SW turn into energetic protons through ionization. This important process is included in our model self-consistently. We take into account all sorts of H atoms, which can lead to origin of energetic protons in the supersonic SW and in the whole SW-LISM interaction region.
In this paper, we take into account large-scale variations in the shock-normal angle near the TS. These variations are due to passage of the sector structure of the IMF through the TS. During this passage, the magnetic field polarity changes approximately during one day. That is, in a short time interval, the magnetic field vector turns through 180
• and, consequently, the magnetic field becomes almost radial at sometimes even at large distances from the Sun. We demonstrated here that the variations of the magnetic field direction influence the shock-drift acceleration at the TS dramatically.
In order to explain the fluxes of energetic protons up to several MeV, measured by Voyager 1/2 in the inner heliosheath after the TS crossing, we apply the shock-drift acceleration theory taking into account variations in the magnetic field direction observed at the spacecraft. In the case when the variations are included in the model, the theoretical fluxes of accelerated protons are close to the measured fluxes. In order to check whether the variations are really important for the shock-drift acceleration, we carried out model calculations with different latitudinal opening angles of the heliospheric current sheet. At some values of this angle, Voyager 1/2 are in the region, occupied by the current sheet, and at other values of the angle they are out of the sheet. Our results clearly show that variations in the magnetic field direction near the TS are dominant effect that completely determines efficiency of acceleration at nearly perpendicular regions of the TS.
The advantage of our model is that we use the minimum number of free parameters, which can influence the efficiency of shock-drift acceleration.
